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An Experimental Model of a 2KW, 2500 Volt Power Converter
for Ion Thrustors Using Silicon Transistors
in a Pulse-Width~-Modulated Bridge Inverter

by

G. W. Ernskerger

ABSTRACT -

2432

This report covers the work carried out under Phase I of Contract NAS3-
5918. Two power supply models were built and evaluated. The test program
demonstrated that using silicon power transistors in a pulse width modu-
lated bridge inverier with current feedback base drive is an effective and
desirable method cf building a reliable, lightweight and efficient power con-

verter for ion thrustors. Z D((/*J
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An Experimental Model of a 2KW, 2500 Volt Power Converter
for Ion Thrustors Using Silicon Transisiors
in a Pulse-Width- Modulated Bridge Inverter

by

G. W. Ernsberger

Westinghouse Electric Corporation

SUMMARY

This 1eport covers the work carried out under Phase I of Contract NAS3-
5918. The object of this program was to design, fabricate, and test a power
converter for ion thrustors employing a pulse width modulated bridge inverter
with silicon power transistors using current feedback base drive. The goals
were to develop a reliable, efficient and lightweight power supply which would
minimize the complete space power system weight. This contract required
that a Breadboard Model and an Experimental Model be tested with static

and transient loads to verify feasibility and merits.

All contract objectives have been fulfilled. A 2KW Experimental Model has
been delivered which has a fidl load efficiency of 87. 8% and a total component
weight of 28. 2 pounds. This model, during an evaluation program, supplied
current to over 400 short circuit transiemvs, blinked-off and automatically re-
applied output voltage or current in a soft-on manner over 100, 000 times,

and operated at full load icr over 10 hours ‘wvithout coniponent failures.
Analysis shows that this component weight could be reduced to approximately
11. 3 pounds by eliminating the input current ripple limi‘s, by eliminating

the variable output overcurrent ti.ne delay rejuirements, and by reducing

the efficiency to approximately 85%.
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I. INTRODUCTION

The 1ingjority of ion thrustor develcpment work has been done with laboratory
type power supplies. Compared to engine development, only a smail amount
of effort has been expended on the development of highly efficient, lightweight,
and reliable power supplies for use with ion thrustors. In addition, no power
sunply has been available with variable operating characteristics which would
allow engine arcing and its eftfects to be minimized.

The purpose of this development effort has been to design, develop, build

and test an Experimental! Model of a 2KW 2500 volt power converter for ion
thrustors, and to demonstrate the feasibility of advanced concepts and tech-
niques for obtaining improvements in weight, reliability and efficiency of

these devices. In accordance with contract requirements, this power converter
uses current feedback to drive silicon power transistors in a pulse-width-
modulated bridge inverter. Upon application of a short circuit to the power
converter cutput terminals, the converter will automatically:

1. Supply approximately 1 25 PU current to the fault for a manually
adjustable period of time (overcurrent time delay 2 to 18 ms),

2. Turn itself off 1or a manually adjustable period of time (blink-off
time delay 2 to 50 ms), and

3. Turn itself on and reapply output voltage al a manually adjustable
rate (soft-on from 2 to 2000 ms).

{f the fault has not cleared, this cycle of cvents will repeat indefinitely until
a low level control signal is used to turn the converter off. These automatic
controis ard variable operating characteristics are intended to eliminate the
damaging efiects of arcing on the vower converter and to enable the power
converter operating characteristics to be matched with those supply charac-
teristics which are begst suited to the ion thrustor. Operation of the powear
converter with an electron bombardment ion thrustor is not part of this con-
tract.

A similar Experimental Mode! is being developed o1 Contract NAS3-5917.
This similar converter has identical electrical requirements and ratings

but uses gate controlled switches (GCS) rather than transistors for the

power switching elements, and is regulated by phase shifting one GCS in-
verter relative to a second GCS inverter. The results of these two con-
tracts and subsequent operation of both power converters with an ion thrustor
will provide a good comparison of the feasibility and merits of these two
types of power switching devices and regulation methods.

This summary report covers the results of the entire seven month program
which was initiated June 30, 1964.

WAEDSG65. 12E-1
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II. CONVERTER DESIGN CONSIDERATIONS

SILICON POWER TRANSISTOR SELECTION

The first design consideration was the sel~ction oi the silicon power
transistors. For minimum converter weight and high efficiency, it

is desirable to use a fast switching transistor at a reasonably high
frequency. Also, the transistor current and voltage ratings should

be high enough so that four transistors in a bridge circuit can provide
a 2KW output with a saiety factor of 2 on the Vog and collector current
ratings.

The best available transistor for this application is the Silicon Transistor
Corporation Type 2118. This transistor has a maximum collector cur-
rent rating of 65 amperes and a maximum collector-to-emitter voltage
rating of 200 volts. Rated minimum d-c gain of the transistor is 10 at

90 amperes coliector current. The saturation resistance is rated at

0. 03 ohms maximum with 50 amperes coiiector current. The publishel
maximum switching times are t, = 15 microseconds and tg = 9 micro-
seconds.

It was a contract design chjective to maintain a minimum safety factor
of two on both current and voltage ratings and a minimum safety factor
of four in allowable dissipation for semiconductors. This objective
established the bridge inverter input voltage at 100 volts d-c since
each transistor in a bridge inverter is required to withstand the total
input voltage.

INVERTER FREQUENCY SELECTION

The inverter operating frequency of 800 cps was selected to obtain a
minimum power system weight. To make this frequency selection, it
was necessary to calculate the effect of frequency on the power con-
verter componernt weights and losses. The weights and losses of compo-
nents which are affected by frequency were calculated for operating
frequencies of 400, 800, and 1200 cps. A summary of these weight and
loss calculations is given in Table I.

The calculated magnetic component weights include the weight of in-
sulation and mounting brackets which are relatively unaffected by
frequency. The power transistor losses listed in the table are switch-
ing losses hased on the maximum switching times given above. The
base drive, conduction, and leakage transistor losses are not included
in the table because they are not appreciably affected by frequency.

WAEDS65. 12E-2




TABLE I.  Calculatec  :ights and Losses of Compon :nts
Which Are Affected by Frequency
400 cps 800 cps 1200 cps
Loss | Weight Loss Weight Loss Weight
Component (Watts) |(Pounds) |(Watts) |(Pounds)| {Watis) | (Pounds)
Input Choke (L1) NA 1.3 NA 0. 65 NA 0. 43
Input Cap:..citor

(C1) 0.5 1.1 1.0 0.55 1.5 0. 37
r'ower Transistors

(Q1-4) 44 NA 88 NA 132 NA
Output Transformer ‘

(T1) 60 6 49 4.4 44 3.8
Output Choke (L2) NA 18 NA 9 NA 6
Output Capacitor

(Cc2) NA 4.3 NA 2.1 NA 1.4

Totals 104.5 30. 7 138 16.7 177.5 112.0
NA = not affected or negligible change
e

The losses of the components given in Table I must, in a complete system,
be supplied by a silicon solar cell array and eventually be radiated to space
by a waste heat radiator. According to the contract scope of worlk, present
silicon solar celi arrays have specific weights of approximotely 200 pounds
per kilowatt. It was estimated that a waste heat radiator, operating at
125°C, would weigh 65 pounds per kilowatt. Using the conversion factor

0. 265 pounds of solar cells and radiator per watt of loss, the frequency de-
pendent losses in Table I were converted to pounds and plotted in Figure 1.
The composite weight curve of Figure 1 was used to select 800 cps for the
inverter operating frequency.
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CIRCUIT DESIGN

The complete converter circuit which resulted from the design devel-
opment, and evaluatioa of both the Breadboard and Experimental
Models is shown schematically in Figure 2. A description of the
electrical components is given in Appendix A.

1. Bridge Inverter Circuit

The converter circuit was designed around the basic bridge inverter
which consists primarily of four silicon power transistors (Q1-Q4)
and output transformer (T1). Base current for the power transistois
is supplied by controlled current feedback transformers (T2-T5) and
is directly proportional to collec/or current. The operation of the
current transformers is controlied by transistors Q5-Q10. The in-
put filter (L1 & C1) is used to limit the input current ripple in accord-
ance with the contract scope of work.

2. Output Rectifier and Filter

A bridge rectifier (CR1-CR4) is used to rectify the pulse width mod-
ulated inverter output voltage. The output filter (L2 & C2) is required
to meet the 5% limit on output ripple voltage. Resistors (R90-R97) in
series with the output capacitor were added during the Breadboard
Model evaluation to limit the peak capacitor current to 3 PU during
periods of load breakdown. A transductor (AR1) senses the magnitude
of output curcent and provides an input to the overcurrent sensing cir-
cuit (CR27-CR30, R60, Z6, Z11, and C11).

The output filter constants (3.9 Henry and 0.75 mfd) were determined
by the necessity of limiting to 100% the increase in power transisior
current during the first inverter cycle after a short circuit has been
applied. This current delay prevents power transistors damage during
the half-cycle period when the pulse width modulator circuit is respond-
ing to the overcurrent condition.

3. Pulse Width Modulator

Output voltage is regulated at 2500 volts d-c and output current is limited
to approximately 1.25 PU by the pulse width modulator circuit. A reg-
ulated d-c voltage of approximately 19 volts is snpplied to this and all
control circuits by a d-c shopper circuit (Q23, €33, Q37, and T12),
series regulator transistor (Q11), and zener d'ode {Z5). This regulated
voliage is applied to a Jensen type master oscillator (Q12, Q13, T9

and T11), which sstablishes the inverter operating frequency at 800

cps. This transformer (T9) drives two transistors (Q6 and Q7) whicn
control the operation of half of the bridge inverter (Q1 and Q3).

WAEDG65. 12E-5
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The operation of the other half of the bridge inverter (Q2 and Q4)

is phasv delayed a controlled amount from 0° to 180° by a Ramey

type magnetic amplifier (AR2 and AR3) ard a flip-flop (Q14, Q15

and T10) which drives transistors Q9 and Q10. The Ramey type
magnetic amplifier was chosen to coxtrol the inverter output pulse
width because of its simplicity and fast half-cycle response. The
amount of phase delay acting upon each half cycle by saturable re-
actors AR2 and AR3 is determined entirely by the volt-seconds avail-
able fci flux reset during the previous half cycle. These volt-seconds
are controlled by an emitter follower (Q27) which is controlled by

the overcurrent sensing circuit, the output voltage sensing circuit
(AR4), and the soft-on circuit.

4, Soft-On Circuit

The ra.e of rise of output voltage is controlled by the discharging rate
of capacitor C12. The required adjustable time delay range of 2 to

2000 milliseconds is provided by selecting one of two time delay capaci-
tors with switch SW2 and by adjusting the discharging resistance with
variable resistor R55. The discharging capacitor voltage is transferred
to the emitter follower in the pulse width modulator circuit (Q27)
through transistor Q28 and diode CR21. Capacitor C12 can be charged
to a fixed voltage level during the minimum blink-off period of two
milliseconds through transistor Q25, resistor R53, and diode CR34.

2. Start-Up Time Delay

When input voltage is first applied to the power supply, a fixed time

delay of approximately 27 milliseconds is provided by resistor R33,
capacitor C8, and zener diode Z8 before base drive is applied to the
silicon power transistors in the bridge inverter. This start-up time

delay is provided to allow the Jensen oscillator to reach normal operating
frequency and to allow the pulse width modulator to prepare for soft-on
operation. At the end of the start-up time delay, the start bus is grounded
through transistor Q18. This provides a path for emitter current from

all four drive transistors Q6, Q7, Q9, and Q10.

6. Blink-Off and Qvercurrent Time Delays

As required by the contract scope of work, the inverter will automatically
turn off for an adjustable period of time (approximately 2 to 50 millisec-
onds) at the end of an adjustable overcurrent time delay. The blink- off
period is initiated by an output voltage from the overcurrent time delay
(R45, R46, C10, and Z10) which causes the silicon controlled rectifier
(CR25) to conduct and turn off the start bus transistor (Q19). This
turn-off is synchronized by transistor Q35 so that it occurs at the be-
ginning of an output voltage cycle when both inverter transistors Q1
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and Q3 have already been pulsed off by transistor Q5. The blink- off
time delay is provided by adjustable resistor R39, resistor R40,
capacitor C9, and unijunction transistor Q20. The blink-off time de-
lay is ended by C9 discharging through R38 which momentarily turns
transistor Q22 on and CR25 off. If an overcurrent condition no longer
exists, then CR25 remains off, start bus transistor Q13 turns on,

and the power supply returns scft-on.
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1. BREADBOARD MODEL EVALUATION

-t

The Breadboard Model of the power suppiy 'vas evaluated with resistive

load and was subjected to applicatior and rernoval of short circuits using

a knife switch as the shorting device. Several important features of the
final design resulted from the breadboard evaluation and will be discussed
in this section. The resuilts of the Breadboard Model testing will be pre-
sented in this secticon in four separate categories: performance of control
and protection functions; static load tests; component electrical stress tests;
and component failures and corrective action.

A.

PERFORMANCE OF CONTROL AND PROTECTION FUNCTIONS

1. Start-Up Time Delay

With the on-off switch in the "on'" position when power was applied to
the input terminals of the unit, there was a 27 millisecond delay be-
fore the power supply came soft-on. This time delay is not affected
oy blink-off and does not operate again until power is removed and
then r-appliei to the input terminals.

2. Soft-On Time Delay

The soft-on time delay controls the rate-of-rise of the output voltage on
initial start-up and when the unit returns on after blinking-off. The
soft-on time delay was adjustable from 1. 6 milliseconds to 6 seconds by
using two capacitors that are selected by means of a toggle switch. The
time delay was adjustable from 1. 6 to 1R0 milliseconds with one capaci-
tor and was adjustable from 0. 060 to 6 seconds with the ocher capacitor.
These measured time delays satisfy the contract requirement of being
adjustable from 2 milliseconds to 2 seconds.

This time deiay was measured on the Breadboard Model by observing
the time requirec for the bridge inverter to phase shift from the point of
zero output to the point of maximum output. The actual rate of rise of
the output voltage will also be a function of the input voltage and the load
since these variables determine the amount of phase shift required to
maintain the rated output voltage,

3. Overcurrent Time Delay

When an overcurrent occurs on the output terminals, the overcurrent
time delay is initiated. After the overcurrent time delay has elapsed,
the unit is automatically turned off and the blink-off time delay is
initiated. The overcurrent circuit time delay was adjustable from 1.6
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to 45 miliiseconds. The blink-of{ circuit is synchronized with the
pulse turn-~oii circuit that controis two transistors in one side of the
inverter bridge, such that the start bus is turned off after these two
iransistors have been pulsed off. This synchronizing circuit prevents
the nossibility of saturating the power transformer during blink-off.
This synchronizing circuit can also vary the effective overcurrent time
delay by one-hali cycle of the inverter frequency which represents a
maximum added time delay of 0. 625 milliseconds.

4. Blink-Off Time I)p_lgy

The blink-off time delay determines the off time of the power supply
after an overcurrent fault has occurred (i. €., the time between blink-
off and the start of soft-on). A train of pulses was applied to the over-
current sensing circuit to simulate a repetitive overcurrent condition.
The operation of the start-bus (Q19) was then observed on an oscillo-
scope. The blink-off time delay (the off time of the start-bus) was
found to be adjustable from 1 to 50 milliseconds. These measured
time delays satisfy the contract requirement. of being adjustable from
2 to 50 miliiseconds.

5. On-Off Switch

Turning the on-off switch from the "on'" position to the "uff' position
energizes the overcurrent trip circuit. Under this condition, the unit
blinks-off after the overcurrent time delay elapsed and remained off
as long as the switchwas in this position.

The off switch is connected to the overcurrent trip circuit sc that blink-
off is synchronized with the pulse turn-off circuit as previously described.

STATIC LOAD TESTS

1. Output Voltage Regulation

The unit was operated into a variable resistive load. The output voltage
was recorded while varying the output load from no-load to full-load
and while varying the input voltage from 90 volts to 110 volts. Figure

3 shows the results of these measurements.

The measured voltage regulation satisfies the requirements of 2500 VDC
+5% from 30% - 100% load and 2500 VDC + 10% at no-load.

2. Efficiency

The full load efficiency exceeds the proposed minimum requirement of 85%
hy several percent as seen in Figure 4.
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3. Qutput Voltage Ripple

The output voltage ripple with an input voltage of 100 VDC is as shown
in Figure 5. Using a high voltage capacitor for d-c isolation and 2n
RMS a-c voltmeter, the voltage ripple shown in Figure 5a is 18 volts
RMS.

RMS Rxpple x 100 - 18 x 100 = Q. 73%

Percent Ripple =
Nominal D-C Voltage 2476

This satisfies the contract requirements of 5% maximum ripple.

4, Input Current Ripple

The maximum limits for input current ripple are 2% RMS and 5% peak.
It appeared from preliminary measurements that the input current rip-
ple did not quite meet these requirements. The results of the Experi-
mental Model evaluation verified these preliminary measurements.

COMPONENT ELECTRICAL STRESS TESTS

The Breadboard Model was subjected to the application and removal of
short circuits using a knife switch as the shorting device. When a short
circuit was appiied, the current limiting circuit limited the output cur-
rent until the overcurrent time delay circuit performed its function of
turning-~off the start-bus. After the blink-off time delay had elapsed,
the start-bus turned on and the soft-on time delay controlled the rate of
rise of the output current. These successful results were not obtained
until after several components failed and design improvements had been
made as described beiow.

The unit then cycled off and soft-on, performing the various ti'ne delay
functions as described above, until either the short circuit or the input
power was removed, or uitil the on-off switch was turned to the "off"
position.

The Breadboard Model was successfully conirolled by means of the on-
off switch while working into a short circuit and while working into anormal load.

To obtain oscilloscope pictures of the power transistor and output voltage
transients during application and removal of short circuits, the cver-
current trip circuit was made inoperative. With this condition existing,
the picture of Figure 6 was ohtained. The bottom trace represents the
voltage on the power supply output terminals and the top trace represents
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the voltage across one of the power transistors in the bridge inverter.
The picture represents a single sweep with the sweep initiated with

the application of the short circuit. The short circuit ~ondition re-
mained on for 60 milliseconds. Upcn removal of the short, the output
voltage recovered within approximately 100 milliseconds. This re-
covery time was determired primarily by the arcing of the knife switch
and the output filter rather than the soft-on circuit since the blink- off
circuit was purposely made inoperative.

Using the shorting method described, it appears that the voltage stresses
applied to the power semiconductor devices do not exceed the desired
two-to-one safety factor. Many semiconductor voltage and current
stresses were later determined, during the Experimental Model evalua-
tion, using both a hydrogen thyratron and a vacuum relay as shorting
devices. These results are described in Section V.

COMPONENT FAILURES AND COREECTIVE ACTION

During the development and preliminary evaluation of the Breadboard
Model, six 65-ampere silicon power transistors failed. Each failure
has been attributed to a malfunction or design deficiency in the control
and drive circuits. These failures are listed below along with the de-
sign improvements which corrected the causes of failure.

Faiiure of one power transistor was attributed to a malfunction of a
gate controlied switch-type d-c chopper circuit which was originally
used to provide control power to the unit. Due to the unreliability of
the gate controlled switch in this particular circuit, a new chopper cir-
cuit was designed using a transistor as the switching device. The new
chopper circuit operates successfully and is shown in the schematic
diagram, Figure 2. It consists of a non-symmetrical Royer oscillator
driving chopper transistor, Q37.

Failure of one power transistor was attributed to frequency moduiation
of the reference oscillator in conjunction with an erroneous signal from
the current transductor in the overcurrent sensing circuit. This vas
corrected by placing a resistive load (R81) on the output winding of the
oscillator transformer (T9) and by changing the location of the filter
capacitor in the overcurrent sensing circuit so that the transductor
operates into a resistive load.

Failure of two power transistors was attributed to the simultaneous
failure of transistors Q12 and Q13 in the Jensen oscillator when a short
circuit was applied to the output terminals. The application of the short
circuit caused the rapid discharging of the output filter capacitors
through the current sensing transductor (AR1). This in turn overloaded
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the transductor driving source which is the Jensen oscillator. This
problern was corrected by placing a redundant connected resistor
(R90-R97) in series with the output filter capacitor to limit the surge
current to 3 PU, and by placing ccmmutating diodes (CR60 and CR61)
around the transistors in tie Jensen osciliator to commutate the lagging
current caused by the transductor.

The last failure of two power transistors was not associated with the
failure of a particular control or drive circuit function. However, im-
provements were made in three circuit areas that were considered
possible causes of the last failure which cccurred in the Breadboard
Mode!.

1. The commutating diodes (CR45- CR48) in the bridge inverter
were changed from Zener diodes to 35 ampere high speed rectifiers.
Thris reduces the crowbar effect when a power fransistor turns on into
a dicde that bas not recovered its reverse blocking capability after
carrying commutating current.

2. The second design improvement consisted of placing clamping
diodes (CR43, CR44, CR57 and CR58) .round the controlled current
feedback transformer (CCFT) turn-off winding. This provides a low
impedance path for any pick-up in the CCFT that may tend to turn on
a transistor that is normally off.

3. The third design improvement was the addition of the circuit
(Q35) that synchronizes the blink-off of the start bus so that it is ac-
complished after the two power transistors in one side of the bridge
inverter have been pulsed off by the pulse turn-off circuit. Operation
of the off switch is also synchronized with the pulse turn-off circuit
by applying a false signal to the overcurrent time delay circuit.

All test results recorded in this section were obtained after these
changes were incorporated in the unit. For example, the output volt-
age ripple was recorded after placing the 1000-ohm resistor in series
with output filter capacitors. The Breadboard Model operated more
than the minimum requirement of 10 hours without failure after these
changes were incorporated,
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IV. POWER TRANSISTOR EVALUATION

The 85-ampere silicon power transistors (STC Type 2118) were investigated
to evaluate their performance when operating in a test circuit and to com-
pare this with data obtained while operating in the inverter circuit. The fol-
lowing parameters were investigated:

Gain - hy g

Base-~to- Emitter Characteristics
Saturation Resistance

Switching Speed

oD DN

a. Operating into a resistive load with fixed base drive.
b. Operating in the power supply with current feedback
bare drive.

D
g

5. Losses when operating in the power supply.

These test results are presented in this report because of the recent introduc-
tion of the transistor to the power semiconductor market and because of its
effect on the design and operation of the power converter.

A.

CURRENT GAIN

The d-c current gain (hpg) of the 65-ampere silicon power transistors
was measured using a Tektronix, Type 575, transistor-curve tracer

and a Tektronix, Type 173, transistor-curve tracer, high current
adapter. The current gain was measured with up to 50 amperes collec-
tor current. For the four transistors that were tested, the current gains
were 8.1, 9.0, 7.8 and 7.6 at 50 amperes collector current. This is
less than the manufacturer's published minimum limit of 10. Figure 7
shows the family of curves obtained on the transistor-curve tracer for
one particular transistor. All figures included are for this particular
transistor.

The base drive current transformers in the power converter have a
turns ratio of seven. Therefore, adequate base current is provided to
keep the transistors saturated with coilector currents up to 50 amperes
since all transistor current gains exceeded seven.
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BASE-TO-EMITTER FORWARD DROP

The base-to-emitter forward drop is an important parameter when
using the controlled-current, feedback transformers. This base-to-
emitter forward drop contributes to the losses in the power transistor
(base voltage x base current). This forward voltage drop, in con-
juncticn with the transistor current gain (hpg), also indicates the size
of the controlled current feedback transformer. The base-to-emitter
forward drop ranged from 0.96 to 1. 07 volts at the condition of full
load on the power supply for the four transistors. Figure 8 shows

the forward base emitter characteristics of the transistor as obtained
from the Tektronix transistor-curve tracer.

SATURATION RESISTANCE

The saturation resistance at 50 amperes collector current was ob-
tained from the family of curves that were used to measure the gain.
The saturation resistance for the four units was 0,021, 0.01¢, 0.017
and 0. 023 ohms., The saturation resistance is an important parameter
affecting the transistor losses and the power supply efficiency. One
of the four transistors exceeded the published maximum limit of 0. 03
ohms.

SWITCHING SPEED

The switching speed of the fransistor is another important parameter
affecting the iransistor losses. The switching times of the transistors
were measured with the transistors operating into a resistance load in
a test circuit. The switching times were also measured with the
transistor operating in the power supply under the condition of 1 Py
load. The switching times of the four transistors, in the test circuit
were as follows:

#1 #2 #3 #4
Turn-on Time (tp) 8 usec 6 usec 9 usec 12 usec
Turn-off Time (tf) 6 usec 5 usec 3 usec 7 usec

The current at the condition of turn-on was approximately 36 amperes
for all units and the current at the condition of turn-cff was approxi-
mately 26 amperes for all units. Figure 9 shows the turn-on time of a
transistor in the test circuit and Figure 10 shows the turn-off time,
Figure 11 is a schematic diagram of the test circuit. Transistor Q2

is the one under test, transistor Q1 is a high speed transistor with
switching time of 1 usec or less and relay contact K is a mercury
wetted, relay contact operating at 60 cps. All resistors are non-induc-
tive, carbon composition, resistors. A brine solution was used for the
power transistor load resistor.
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Load in Figure 11 Test Circuit
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FIGURE 10.
Load in Figure 11 Test Circuit
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Figure 12 shows the turn-on time of the same transistor when op2rating
in the power supply and Figure 13 shows the turn-off time. Figure 13
shows the current waveform through this same transistor with 1 PU
load on the power supply.

Figure 9 and Figure 12 cannol he compared directly in an attempt to
determine the effect that the controlled current feedback transformer
(CCFT) base drive circuit has upon transistor switching speeds because
of load differences. With circuit inductance of the power converter,

the current through the transistor requires about 18 usec to reach its
maximum value (see Figure 14). This is a much less severe loading
than in the test circuit. Figures 12 and 12 do indicate that the transistor
switching speed is much faster while operating in the power supply than
while operating in the test circuit. In the converter, turn on.ime (t;) is
approximately 2. 8 microseconds and turn off time (tf) is approximately
1. 6 microseconds. These results indicate that actual switching losses
are at least 50% less than the switching losses that were initially cal-
culated for the purpose of selecting the optimum inverter operating
frequency. These results will raise the optimum inverter frequency

and lower the totai system weight.

The power transistors tura on faster in the converter than in the test
circuit because circuit inductance decreases the collector current rate-
of-rise. The most probable reason the power transistors turn off faster
in the converter than in the test circuit is because the transistor base-to-
emitter junction is strongly reverse biased during the turn-off period by
the CCFT base drive circuit.

LOSSES

Figure 15 was obtained by causing a power transistor to dissipate known
amounts of powar on a given heat sirk in still air. The power supply
was then operated at full load until the temperatures of the power trans-
istors stabilized. From the measured temperature rise of 34°C, it was
determined by using Figure 15 that the full load losses of transistor Ql1,
R1, CR45, CR49, CR50 and T2 are 28 watts. All of these items are
mounted on the same heat sink. With a few calculations, this loss is
divided as follows:

Transistor Q1 20.0 Watts
R1, CR49, CR50 2.8 Watts
CR45 0.2 Watts

T2 3.0 Watts

Total 28. 0 Watts
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The losses of power transistor Q1 are much lewer than originally
calculated. The original calculations were based on the best data
available at the time and indicated the maximum turn-on time (t;)
would be 15 microseconds, maximum turn-ofi time (tf) would be 9
raicroseconds, and the maximum saturation resistance would be

0.03 ohms. Using these maximum values, the calculated full load
switching loss at 800 cps was 22 watts per transistor. The remain-
ing transistor losses (leakage, base, and conductor) are essentially
unchanged and amount to an additionai 11. 8 watts per transistor. The
switching losses for an actual transistor cperating in the inverter are
therefore only 22. 0-11. 8) 10. 2 watts. The fact that these power
transistors appear to have approximately 50% lower switching losses
than anticipated will allow the inverter operating frequency to be in-
creased and the overall system weight to be decreased.

By using tiris information on transistor switching losses to revise
Figure 1, it appears that an inverter frequency of 1200 cps would re-
sult in minimum system weight. This change in frequency would re-
duce the inverter component weight approximately 5 pounds and reduce
the system weight (including inverter, solar cell array, and waste
heat radiator) approximately 19 pounds. Additional weight reduction
is possible by changing the performance requirements as discussed

in Section V1.
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V. EXPERIMENTAL MODEL EVALUATION

The mechanical design of the Experimental Model was determined by con-
sideration of safety and ease of evaluation. The rear view of the model,
given in Figure 16, shows that all control circuit components are easily
accessible and are identified on externally mounted terniinal strips. The
power transistors and commutating diodes are mounted on four vertical
heat sinks seen in the foreground. All high voltage components, including
the output transformer, rectifier and filter, are mounted between the two
side chassis and protected by a perforated aluminum cover. Input and
output connectors, input and output voltmeters, output voltage adjustment
potentiometer, the soft-on, blink-off and overcurrent time delay adjust-
ment potentiometers, and the low-level on-off switch are all mounted and
accessible on the standard 14 inch x 19 inch x 1/8 inch front panel.

The basic electrical design of the Experimental Model is the same as the
Breadboard Model which: has been described. During the preliminary test-
ing of the Experimental Model, however, several design improvements
were made. The design improvements and test results will be presented
in this section of the report.

A. PRELIMINARY CHECKOUT OF EXPERIMENTAL MODEL AND
DESIGN IMPROVEMENTS

1. Soft-On Circuit Desiga Improvement

The soft-on circuit operated properly and caused the output voltage
to rise exponentially at rates which could be adjusted from aoout 2

to 5000 milliseconds. It was noted, however, that the time delay
capacitor C12 required approximately 20 ms to be recharged. This
time exceeds the minimum blink- off time delay by a factor of 10. To
assure that the soft-on capacitor C12 will be recharged completely
during the minimum blink-off time delay, the soft-on circuit was re-
designed as shown in the revised schematic diagram, Figure 2.

2. Overcurrent Time Delay Circuit Design Improvement

It was next noticed that the converter would not blink-off after the appli-

cation of an overioad or short circuit when potentiometer R45 was at
its maximnm setting. Insufficient current passed through R45, R46,
Z10 and R8T into the gate of CR25 to turn it on during the short period
when Q35 was not conducting. To correct this situation, R45 was de-
creased from 50K to 20K ohms and R85 was increased from 10K to

20K ohms. The latter change increased the reverse bias of transistor
Q35 during the discharging periods of capacitor C16.
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FIGURE 16, Rear View of Experimertal Model
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3. Blink-Off Time Delay Circuit Design [Improvemer.t

Next, it was noted that the converter would blink-off on agpplication of
short circuit but it would not automatically turn on after the blink-off
time delay except for minimum settings of R39. This wes caused by
collector leakage current through transistor Q21 which prevented the
em.tter of unijunction transistor Q20 from reaching the breakdown
level. This leakage current was adequately reduced by reducing the
base-to-emitter resistor, R67, from 51K to 1K ohms.

4, Overcurrent Sernsing Circuit Design Improvement

It was observed that the current limiting level was lower than the

Ievel of output current which would cause the converter to blink- off.
Therefore, it was possible to have an overcurrent load condition whick
would not cause the supply to blink-off. To correct this condition,

R49 was reduced from 51K to 10K ohms. This change increased the base
current to transistor Q24 so that it turned on during output current-
limiting conditions. '

5. Power Transistor Failures

Several power transistors failed during the preliminary checkout of

the Experimental Model. However, it was determined that these failures
were caused by a wiring error, defective control component (25), and
incorrect oscilloscope connections. None of the failures was caused by
design deficiencies, and no design changes resulted from these failures.
After the preliminary checkout, no components failed during the euntire
evaluaticn of the Experimental Model which included static load tests,
component electrical stress tests, and a thirteen hour endurance tes’.

STATIC LOAD TESTS

The power converter and lnad simulator were connected together and to
meters and lead-acid batteries. The test setup is shown in Figure 17
with the power converter on the left, the load simuiator and recording
oscillograph on the right, and the laboratory meters (1/2%) in the center.
The load simulator was assembled in accordance with the contract re-
quirements and consists of a vacuum triode (RCA Type 7C24/5762) for
variable resistive loads and a hydrogen thyratron (Amperex Type 6268)
and vacuum relay (Eimac Type VS-2) for application of short circuit
transients to the power supplv. A Tektronix Type 533 Oscilloscope with
a Type CA Dual Preamplifier was used to obtain all oscilloscope photo-
graphs.
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1. Soft-On Time Constant Range

The test results, given on Figures 18 and 19, indicate a maximum
soft-on time constant of 3000 milliseconds and a minimum soft-on
time constant of 5 milliseconds. (The significant time constant for
power converters is defined as the time required for the output volt-
age to increase from zero to rated output voltage of 2500 volts). The
contract scope of work specifies a range of 2 to 2000 milliseconds.
The minimum limit of 2 milliseconds was not met because of output
filter constants and not because of a control circuit deficiency. Out-
put filter constants were determined by short circuit and current limit-
ing requirements of che contract and could not be changed to decrease
the minimum soft-on time constant from 5 to 2 milliseconds.

2. Output Voltage Regulation and Efficiency

The maximum conversion efficiency of 87. 6% occucred at rated load
and rated input voltage. The output voltage regulation was within the
limits specified in the contract scope of work. The converter output
voltage is plotted as a function of load on Figure 20. The converter

efficiency is plotted as a function of load on Figure 21,

3. Input Current Ripple

The input current ripple magnitude was determined by observing the
voltage across a T & M Research Products current viewing resistor.
Test results are given on Figure 22 and indicate that the maximum
peak-to-peak input current ripple is apyroxirnately 3 amperes. Stated
another way, the peak input current exceeds the nominal input cur-
rent, 22 amperes at full-load, by 1.5 amperes or 6.8%. This exceeds
the 5% maximum specified in the contract scope of work but could
easily be corrected by increasing the size and weight of the input
filter, L1 and C1. The NASA Project Manager advised that the input
filtering method had been demonstrated satisfactorily and revising the
Experimental Model to meet the 5% limit would not be required.

The input current ripple magnitude determined during the previous
Breadboard Model evaluation was not considered sufficiently accurate
because a T & M Research Products non-inductive current viewing
resistor was not available at that time.

4, Output Voltage Ripple

The maximum output voltage ripple is 10 volts rms. This is 0. 4% of
the nominal d-c voltage and is well helow the 5% allowed by the cou-
tract scope of work. Again, the output filter constants were deter-
mined by the current limiting and short circuit requirements. 1t is,

WAEDG5. 12E- 32



3000-,

J.
° {
= .
o
/L' 10()')"
e
se(onds
1. Output Voltage Risc with R55 - 100K Ohms
T
E}J
)
>
@)
A
E:
5
O W WU WOT—— Y——.
20 30  miiliseconds
2. Output Voitace Rise with R35 0 Ohms
FIGURE 18, Soft-Ou Timc Constant Range with 2% MFD
Capacitor C12
WAEDS65. 12E-33



-
QMIIII ‘l.

'fJ,
=
L
- III
: hlll!lll
40 milliseconds
3. OQutput Voltage Rise with R55 - 100K Ohms
n
I
. -
- 8
|
a
Ei
3
®)

0 2 4 6 milliseconds

4. Qutput Voltase Rise with R55 : 0 Ohms

FIGURE 19, Sot1-On Time Constant Range with 1 MFD
Capacitor C12A

WAED65. 12K-34



2500

2400

2306

OUTPUT VOLTAGE, D-C VOLTS

P

..........

b oo e . o e
| o eme e e e
ST
P .
D

P PRI SN e e e e eem
PSRRI S - e e e -
S U SV e e e s

P T T R

2625 Volts - Upper Limit}: eeeteel

Load  100% e 721 i::

T e B T
b+ 4 e e - . k@ B R

e e ]

RS SRR
R D R s Trp e

DUSREGEINE DU

P B e ]

-‘,,M;..s:;;:»_m.w- ISP SRS SORRES
- i + -t
T g e

L SIS

4+ ]4.4—”7._;._.___

ST D

s e SRR U

1009, <=td

——tt e

- e
b~ e e a o
—
e e R e I

b+~ v e
it

RS §

F:*‘*‘* eyt

[ N e §

D o T
v e - b 4 -
. e e - e
R S W
T SRR S
O
L e il S R
[

TN Y
e

::’::, 2375 Volts - Lewer Limiti7--71 SEPOUE

- 90 Volts D-C Input
x 100 Volts D-C Input
©®© 110 Volts D-C Input

e
- o—-o+—o——o-—<—-o—o—
ot e ey

RS W SV O I

S IR

S U

i . T
}—o—&'h‘—“r. -+<p- ——— e - e e e o S e oo SV IR S
e S SUV SEP A - . . . — 4
- s o ¢ +— B o S NS aR ey e an S e o
R o SRR S - s e

S SN D TN T U -— Y SDNID SRV I S S
R L it SR e B e aho i SHESSS RPAPSPSS NI S
SPSDUDD VDU SIS SN S S
D IR T T S DSy APUPNPUNIPES BRSPS W S SR S

*9 did e .--4—4_-‘—4 [ER DU U UISIDUEPEE D S SO - J*L
.- “4—*1"4 -— b—f) e e ;t Ao by ¢+~_¢_4__. B L S NS Sy SEPE P S G
W a et i P . iy ok

0 0.

2 0.

4

0.6 0.8 1.0

CURRENT - AMPERES, D-C, OUTPUT

FIGURE 20. Experimental Model Output Voltage' Plotted as a
Function of Load

WAEDG6S.

y_ Y

12E-35

o,



100 c e— e-e — G t———————————— . o e— — g 0 o p——— g 48
e e me e s PRI & ~- DU S B T .o
b e D . e e s e ce s e o
e et e . e e e s e e Lo e e e s B R T
B T I S T T TR S b PR S [P
. e eas D S I . s e a4 v e s
. ee s e s P D e 9. . P
D e . - . -
— ———— TR P S e N L
B R SR e S e eI NS SUNCICITIRNPE I
90 H + . +
- -+
L~ ¢ — o - 0 o . e e e e b e e e bt g et s b « -
......... - o e % bt ot - o b g . ey . N
--------- - - - - 3
UG Q. . a - e 4 PPN
T TR RS ’ L S T
POTIOIGEE G S [P PSSP ISR S - . . - [P S
SSRGS c oGP GIIPUS VNGO PGUIPRIPSPU S SRR U O
b+ v — 4 PRSPPI SR - Y P
b - .} -——-t O U 4
80 " J

DG D S Y
e e e e U S SU DU SO .4

b ——— -

R

b B S T o e e e e el R SIS S cea

- — - . o -~ e v s e 4 e eaa

L 4.2 R N R |

70 - Moyl

4 At gt

EFFICIENCY - PERCENT (%)
t
|

: poe BN ; DS SNBSS possepuey!
St/ MseesesewTiEw ot ERTEselunt s Susatutts
60 i : . — e ———
l..._....q_._,_._..i..-._._ -t f s — -
- i i
Y ‘ e
- et S S U DaeRed
i . - e — et g i NBIDENE Shuap
: S SR . . ——— 4 J._L.A_..A_;::tm_l—‘ et
50 S S DR Bl T " FRPE FROASSNENE EEUEDUBEES
LR
S - -—-a
Q - ~ ——
s 25 —+e— 90 Volts D-C Input
" Tt —t —+
- 1 A ] —X-— 100 Volis D-C Input
; Lt s
ERE o7 —®— 110 Volts D-C Input |
——+ S DEE o :
o : IS S EESEONE S5 FROESSOE SESRIEEONE EREE BORRGS
—t —— ?‘—'**“f—t—:""*““-?—l—?—‘-'—‘i-—*‘ SRS BEBEEE BONSEOSPE
[+ SUSH CHESSTRSLE 5 ESPRSEENE SEEEEEEASE ESEDEBUREN
M ii; + ;TT L ‘L Tt l ’é‘L Tr ‘?"lv"? lﬂ‘. r
F e e e e e e T
e T e e T T
0 T T B SEAIESSE NENESOSE0E NEEEERENH
0 0.2 0.4 0.6 0.8 1.0

CURRENT, AMPERES D-C, OUTPUT

FIGURE 21. Experimental Model Efficiency Plotted as a Functiorn
of Load

WAEDS5. 12E- 36



ores

™
LY

Fe

Input D-C A

Input D-C Amperes

FIGURF 22.

30- - -
B \
Nt -
om e e
R
i \ ‘ O
10 ~ - \ *
O—I—>__'..’",'.——_,—‘—,?l‘:, ’ l
0 2 4 6 milliseconds

6. No- Load Input Current

Input Currern Ripple with Full-Load and No- Load
on the Experimental Model

WAEDGS. 12E-37

P Ny IR

e



therefore, not possible to reduce them further in accordance with
the allowed 5% ripple.

COMPONENT ELECTRICAL STRESS TESTS

As outlined in the contract scope of work, ''a design objective, but not

a requirement, for the Experimental Model is a minimum safety

factor of two for current and voltage . . . . . . for semi-conductcrs'.
Electrical stress test data were obtained for the determination of

major component safety factors under both rated load and transient
breakdown (short circuit) conditions. High speed oscillograph re-ord-
ings are presented which relate the input current and output current

and voltage to tae application of short circuits on the output terminals.
These oscillograms are also used to determine overcurrent and tklink-
off time delay ranges.

1. Component Safety Factors for 2KW Rated Load

Oscillograph photographs were taken under full load conditions and
component safety fuctors were determined and recorded in Table II.
In cases where transistor collector-to-emiiter voltages are higher
during start-up or off conditions, the safety factor was determined
from the worst condition. Since most of the transistors are operated
in the switching mode, dissipation is far below ratings and dissipation
safety factors are only determined for the two worst cases.

2. Component Safety Factors with Hydrogen Thyratron and Vacuum
Relay Transient Breakdown Devices

Oscilloscope photographs were used to determine the peak component
electrical stresses during short circuit applications.

Component safety factors are not redetermined in this section for
components which are not significantly affected by the operation of

the transient breakdown devices. Test results given in Table III in-
dicate that no component is severely stressed by the operation of the
transient breakdown devices. In fact, the results indicate that com-
mutating rectifiers CR45 through CR48 can safely be replaced with
rectifiers having a much lower forward current rating. The results
indicate that the PIV rating of the output rectifier should be increased
from 8,000 volts to at least 11,200 volts toc maintain the desirea safety
factor of 2. This could readily be accomplished. Increasing the safety
factors on the power transistors Q1 through Q4 from a minimum of 1. 3
to a minimum of 2 canrot be done with presently available transistors.
A reduction in input voltage and output load would be required to meet
a safety factor of 2 for ail conditions. Operation at the present stress
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TABLE IL

Component Safety Factors with Rated Load

Electrical Safety
Componeut Rating Stress Factor

Transistor Ql IcMax = 65a 40a 1.5
(STC 2118) VCEMax = 200v |100v. 2.0

Dissipation

= 30Cw. 18.5w 16 .2
Transistor Ql IgMax = 1)a Ja 2.1
(STC 2118) VERo = 10v 3v 3.3
Transistor Q2 IcMax = 65a 28a 2.3
(STC 2113) VCEMax = 200v 1100v 2.0
Transistor (2 IgMax = 1i5a 6a 2.5
(STC 2118) VEBOMax = 10v |3v 3.3
Rectifier CR4 PIV = 8000v 5400v 1.5
(Solitron Iavg. = 1.6a 0.85a 1.9
FSPF80W)
Rectifier CR47 PIV = 300v 100v 3.0
(IN 3912) Iavg. = 35a Oa ©
Rectifier CR48 PIV = 300v 100v 3.0
(IN 3912) Iavg. = 35a 0.5a 70.0
Transistor Q19 |VcgMax = 150v [20v(off) 7.5
(2N10160C) IcMax = 7.5a |2.6a(on) 2.9
ransistor Q5 VCEMax = 80v 120v(off) 4.0
(2N2819) IcMax = 25a 2.3a 10.9
Transistor Q6 VcgMax = 80v 38v 2.1
(2Nz819) IcMax = 25a 1.6a 15.6
Transistor Q12 VCEMax = 65v 39v 1.7
(2N2102) IcMax = la 0.3 3.3
Transistor Q37 VCEMax = 200v [100v 2.0
(2N1016D) ICMax = 7.58 |1.0a 7.5
Transistor Ql1 [VCEMax = 150v |25v(off) 6.0
(2N1016C) ICMax = 7.5a 1.4 5.3

Dissipation :

= 150w 5w 30.0
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TABLE III.

Thyratron and Vacuum Relay
Transient Breakdown Devices

Componen* Safsty Factors with Hydrogen

Electrical | Safety
Component Rating Stress Factor
Transistor Q3 IcMax = 65a 45a 1.4
(STC 2118) VcgMax = 200v| 100v 2.0
Transistor Q3 IgMax = 15a 7a 2.1
(STC 2118) VEBO = 10v 3v 3.3
Transistor Q4 IcMax = 65a 50a 1.3
(STC 2118) VCcEMax = 200v| 120v 1.7
Transistor Q4 IpgMax = 15a .8.5a 1.8
(STC 2118) VEBO = 10v 3v 3.3
Rectifier CR&4 PIV = 8000v 5600v 1.4
{Solitron Iavg. = 1.6a | 1la 1.6
FSPF80W)
Rectifier CR47 PIV = 300v 110v 2.7
(IN 3912) Iavg. = 35a 0a ©
Rectiticr CR48| PIV = 300v 110v 2.7
(IN 3912) Iavg. = 35a <0.5a >70.0
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level, however, has been very reliable as indicated by the endurance
test results.

3. Transient Breakdown Oscillograph Recordings Over Complete
Range of Overcurrent and Blink-Off Time Delays

A Century Geophysical Corporation, Model 408, recording oscillograoh
was used to record input current, output voltage, and output current
during short circuit applications. Figure 23 is a calibration oscillo-
gram recorded with full lcad applied to the power supply.

Figures 24 and 25 show that the maximum and minimum overcurrent .
time delays are 16 ms and 2 ms, respectively. The maximum and
minin:um time delays of the blink-off circuit arc 96 ms and 2 ms,
respectively. These results are within the contract scope of work
which states that the cvercurrent time delay shall be "two milliseconds
(adjustable)" and "after a 2 to 50 milliseconds (adjustable) time delay,
the supply shall return soft-on-".

Figure 25 shows that the power supply minimumn blink-off period
actually exceeds 2 milliseconds for two reasons. First, the time con-
stant of the output inductance is equal to the inductance L2 (3.9 Henry)
divided by the winding resistance of the choke (Ryg s 50 ohms at 25°C)
and the short circuit path (thyratron or engine arc, wire, and output
‘rectifier). This time constant prevents the output current from decay-
ing below the overcurrent limit in less than seven milliseconds. A
second time period is added to the minimum blink-off time delay by

an approximaie 12 millisecond lag in the starting of the soft-on circuit.
(This 12 millisecond time lag can be completely eliminated by select-
ing a slightly lower voltage Zener diode for Z7.) For these two reasons,
the actual minimum blink-off time delay is approximately 19 millisec-
onds even though the blink-off time delay circuit has the required mini-
mumni deiay of 2 milliseconds.

It can be seen from Figure 25 that the output current (I2) does not reach
zero during this minimum blink- off period of 19 milliseconds and the
hydrogen thyratron breakdown device remains in conduction. The power
converter therefore increases the output current in a soft-on fashion

at the end of each blink-off period in accordance with the contract scope
of work. Figure 26 shows the output voltage transient when the short
circuit was removed by a vacuum relay. The energy from the output
filter choke (12) rapidly charges che output capacitor (C2) to a safe

peak level of 1400 volts before the soft-on cycle commences. This
result indicates that the design of the output filter is more than ade- ;
quate to protect the converter semiconductors from peak voltages dur-
ing short circuit removal.
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Figure 27 shows the application of a short circuit to the power con-
verter with a vacuum relay. 7T'here is some indication of contact
bounce but the peak output current appears to be about the same as
with short circuits applied by the hydrogen thyratron. This peak cur-
rent (2. 65 amps) is primarily determined by resistors R90 through
R97 (a total resistance of 1020 ohms) which were first added to the
Breadboard Model  limit the peak discharging current from the out-
put capacitors (L2) to 2.5 amperes and thereby prevent damage of the
overcurrent sensing circuit.

Figure 28 shows that the power converter output can be interrupted
by a low level control signal in accordance with the contract scope of
work. The low level control signal, used to initiatc the power inter-
ruption, was the grounding of the base of transistor Q23 with switch
SW1 This could also be accomplished, if desired, Ly turning on
transistor Q24 with 0. 1 milliampere base current. Either of these
procedures initiates the overcurrent time delay and causes the power
converter to blink-off and remain off until the low level signal is re-
moved. Then the power converter will automatically return soft-on.

The oscillogram of Figure 29 demonstrates that the power converter

can withstand tne short time application of a short circuit without the -

necessity of turning off the power converter. Such a short circuit may

occur in practice if an ion thrustor arcs and burns clear in less time

than the overcurrent time delay (2 to 16 milliseconds). In this case,

the power converter supplies current to the fault at a safe magnitude

of 1. 15 amperes and returns very rapidly to rated output voltage when

the fault is removed. It was physically impossible to simulate this

type of fault with a vacuum relay because the relay couid not be made

to close and open in less time than the overcurrent time delay. There-

fore it was necessary to disable the blink-off circuit during this test

by connecting together the anode and cathode of CR25. Figure 29 shows

that the power converter safely return. to normal full load operation "
after the removal of the short circuit as required by the contract scope ‘
of work.

ENDURANCE TESTS

It is required by the contract scope of work that the power supply demon-
strate ""a minimum of 10 hours of operation with a dummy load having
transient load-i~-“ucing capakility . . . . The supply shall not be damaged
by any of these transients, nor shall any performance deterioration occur'.
This requirement was met by operating the power converter continuously
for seven hours with full load applied and six hours with a transient type
load applied. The temperature rise of major components was recorded
auring these endurance tests.
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JURE 27. Oscillogram Showing Applicaticn of Short Circuit with a Vacuum Relay
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FIGURE 28. Oscillogram Sho'&ing Shut-Down of Power Converter
with Low Level Control Signal
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FIGURE 29, Oscitcorram Showing Application and Removal of Short Circuit
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- - The. 6-hour transient load endurance test causec. a lower comporent -
' temperature rise than the full load endurance test. . The transient
- load consisted of one minute of 2KW load and one minute of short cir-
“cuit. This cycle was repeated for:-6 hours which caused 360 short cir-.
cuit transients. During each minute of short circuit operation, the -
" power converter blinked-off and came soft-on approximately ten times-
per second ior a total of approxlmately 108 000 bhnk-off and soff-on
cycles.

" ’I‘he ma;dmum tempe‘rature reached by ah‘y component was 142°C for
the output transformer, 1'1. This maximum temperature was reached
during the full load tast and is well below the safe operatmg tempera-

o *-'re of 250°C for this transformer.

There was no com_ponent failure or pé'rformancé ﬂeteriofaiion which
occurred during any of the 13 hours of the endurance test or during
the performance of any of the tests required by this contract. ]
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= VL~ WEIGHT, LOSS, AND PERFORMANCE CONSIDERATIONS .

_The-weight of ail eléctrica.l componeuts in the Experimental Model (exclud< - -

ing meters, switches, and recaptacies) is 28. 19 pounds. The component -
types are listed in Table 1V according to descendmg weight. This table |

also lisiz the weight of each item as a percentage of total weight. From this = ~

Welght analysis, it is obvions which 1tems should be x,on31dered to accomphsh
major weight reduc tlons - -
Without changing the performance requirements of this power supply, the
electrical stfess tests have shown that significant-component rating reduc-
tions can be made on components listed on lines 3, 9, 10 and 12. The weight
of these components, representing 9. 7% of the total welght .could be cut in -

half without affecting performance. However, the preceding test results a.lso'~ -

: _1nd1caxe that the capacitance of the input fll*er capacitor, C1, should be in-_
‘creased to meat the input ripple performance requirements, and the output”
rect1f1er voltage rating should be increased 50% to meet the required safety ~
factor of 2. These two changes would increase the total component weight

by approximately 1. 5%.. = I : '

The maximum efficiency of the power converter with 2KW resistive load is
87.86%. This represents a power 1loss in the converter of 276 watts. The
sources of this loss are given in Table V.

With the periormance requirements of this contract, Tables IV and V indi-

cate that very little more can be done to improve efficiency and reduce weight.

However, these tables indicate clearly which performance requirements
have the largest effect on weight and efficiency. Ii is apparent that the input
and output filter components offer the greatest opportunity to improve weight
and efficiency. For example, elimination of the 2% rms and 5% peak limits
on input current ripple would allow L1 and C1 {0 be eliminated and save 1.57
wounds (5. 57% of all component weight) and 5 watts (1. 81% of all component
losses).

The may. mum improvement in weight and efficiency could be accomplished
by eliminating the overcurrent time delay and current limiting requirements.
This performance change would allow the outout choke to be reduced hy ap-
proximately 10 pounds (35. 47% of all component weight) and 40 watts (14.5%
of all component losses).

With these two changes in performance requirements, it should be possible

to build the power converter, operating at 800 cps, with a total component
weight of 14. 3 pounds and an efficiency of 89.5%. By approximately douhling
the operating {requency, the power transistor switching losses would be in-
creased approximately 59 watts but the output transformer and other magnetic
component weights could be decreased by an additional estimated intal of 3
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T - TABLE V. Component Loss Analysis
7 A Loss/ILtem Total Loss - % of All
R Comporient o - or Circuit of Component or Component
Line Item Cifcuit Description | Qty. (watts) Circuits(watts) Losses
- e ; — e - . ~
1 Q1,2,3,n | Power Trarsistor 4 22 88 31.88
STC2118 : ]
2 {12 - | output Choke 3.9H 1 52 52 18.84
5 T 7/ Output Transformer 1 48 48 17.39
- ‘// - : :
4 R.,2,31, | Curreat Feedback Base 16 ° 6 per. 24 E 8.70
32;CR49~ | Drive (4 cir- circuit
56;T2-5 Civculcs culis) . - )
5,1 Ql1,32, | DC Chopper and 16 14 14 5.07
S 33,37, Regulator (Y cir~y
/' -T12;L3: Circuit cuit) *
’ R17-20,22; :
CR16;C7,13;
25,13.
6 CR1-4 High voltage Recti- 1 13 13 4.71
fier i
7 | R17-79 High Voitage 3 4 12 4.35
Resistance ) :
x5
8 L1 Input Choke 1 5 5 1.81
9 all Control Circuits and] 249 0.008 20 7.25
Others miscel)aneous other average
componcn(:s -
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: pounds _With the two. charges in performance reqturements and the 1ncrease
- in operating frequency, it should be possible to build the 2KW. power -converter -
© with a total component we1ght of 11 3 pounds and an eff1c1ency of approx1mate~ )

ly 85% .-

R )
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» - VIL CONCLUSIONS AND RECOMMENDATIONS

The eva.luahon of the Breadboard md ExppmmentaA Mode 's has been success-
ful and the contract performance requireraents haye been met in all 1mportant
»resnevts The V‘urpose and gozu.s 2f Phase I of the contrdcf have been met.
Tne spec1f1c a.pnroa,ch of usmg a mu se wxdth modulaied bridge inverter

> with silicon power transistors-and current feedback base 5dr1ve has been
proven to be a feasible and desirable method of building a reliable, eff1c1ent
and hgfhtwemht power converter for ion. thrustors.

The use of a pulse width modulated ‘ndgn mverter in conjunctmn with a -
| soft-on starting sequence ‘climinatés any possibility of saturating the output
transtarmer drmng start-up transients. This method always applies a very

“ narrow pulse \mdth to the output transformer during the- beginning of each

soft=on cycle. - This is an: adyantage over the two-transformer phase-shift .-
’regulatxon method where full- width square wave voltages are applied to both
»output transiormels undex all P eratmsf cond1t1ons ot “

,/ N

dSome componp.ﬂ Iaxiures oc urred durmg the prehmmary cne\.k out of the .
Exner mental Model These failures were the result of wiring errors, testing

_-—“errors, and a defectwe componer: and-were not caused by a design deficiency |
or low safety factor. ~ After the preliminary check out, no component failures oc-
curred during the entire test program which included over 400 short circuit .

- -applications and over 100, 000 blink- off an< soft-on cycles. ~These resuits
are an indication of high y;ehabmty 'However, the final determination of

reliabi 11ty must be made mth/the rower supply operating an ion thrustor.

D

The com pow' eLectncal stress tests indiceted that most semicoanductor
component safety factors wesre abeve the design objective of two. Some

~ components, like the buse drive and pulse iransistors, have excessively
high safety factors. This resulted from resistors R68-75 being added o
‘reduce peak transistor currents during the Breadboard Model development.
In the future, transistors Q5 through Q10 should be replaced with transistors
having much lower collector current ratings. The average current ratings
of iectifiers CR7, 8, 17, and 18 and commutating rectifiers CR45 through
CR48 should aiso he significantly reduced.
The lowest mea&,ured safety factor was 1. 3 for the current rating of an out-
put transistor. Since no 220 volt transistors are currently available with
current ratings akove 65 amperes, no component changes ar nnw possible
to increase this safety factor.

’ Outpuf t1 ansformer voltage trarsients (ringing) caused the present output
rectifier safety factor to be as lowas 1.4. It is recommended that the most

RETSRPEEN

o
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efficient solution to this prcoblem 1s to increase the voltage rating of the out-
. put rectifier by 50%. A sireable reducticn in ringing voltag.:: would he pos-

~gible if the overcurrent time delzy and currer: limiting requirements were-. -

eliminated so that the size of the cutput chok: cculd be greatly reduced. '

The weight and loss analyses of Section VI indicate that the electrical compo-

* nent weight could be reduced from 28. 19 pounds tc approximately 11. 3 vounds
at 85% efficiency if twe performance requirements ‘were eliminated. These
are the input current rippie requirement of 5% maximum and the overcurrent
time delay with current limiting. With the latter change, the inverter would
be made to bhlink-off immediately upon application of an overcurrent condi-
tion. 'This would eliminate the need for a large output choke to limit the
increase in t1ansistor current during the response time of the pulse-width-
modulation type current limit'ng circuit. Some output filter would still be
required to meet the output voiiage ripple requirements. The energy from

this filter would stiil be transferred to an overcurrent fault., After the blink- -

off tirmve delay cr after the output current weat below the overcurrent limit, -
whichever occurred first, the converter would automatically return soft-on.
An indication of how this clange would affect ion thrustor operation could be
obtained by settmg the overcurrent time delay tn zero in the Expemmental
Model by disconnecting capacitor C10. :

It is recommended that these performance éhenges be considered for Phase |
‘II of this program so that the associated weight reduactions could be ver:ﬁed '

in radiation cooled power supply modules
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APPENDIX A.

PARTS LIST FOR EXPERIMENTAL MODEL

C8, 10, i2A
C9

Cit

C12

C13 .

C14

C15

c17

CRI, 2, 3, 4
CRS, 6, 9, 10, 11, 12, 18,

20, 31, 32, 33, 36, 37, 38,
39, 59, 60, 61, 62, 53, 64,
65

CR7, 8, 16, 17, 18, 50 57,
54, 56

CR21, 22, 23, 24, 26, 27,

28, 29, 30, 34, 35, 40, 41,
42, 66

CR25

CRA43, 44, 49, 51, 53, 55,

58

CR45, 46, 47, 43

J1
J2

DESCRIPTION

Transdurtor
Saturab'e Reactor
Saturahble Reactor

1222 4F, 200V
0.25 4F, 5000V
40 uF, 30VDC
36 uF, 100 VDC
1 4F, 150V

0.56 uF, 200V

2 uF, 100VDC
22 uF, 35VDC
150 xF, 40 VDC
0.22 uF, 100V
n.01 uF, 150V
0.0068 uF, 600V

Capacitor,
Capacitor,
Capacitor,
Canacitor,
Cepacitor,
Capacitor,
(Capacitor,
capacitor,
Capacitor,
Capacitor,
Capacitor,
Capacitor,

Rectifier, 8000V 1.6 Amp Bridge
Diode, IN914

Diode 1N3890

Diode, 1N61i5

Rectifier, Sil:con Controlled, 2N2324A
Diode, UTRI1Z

Diode, IN3912

Receptacle, MS3102A-20-24P
Receptacle, 560/U

(I)For item locations see Schematic Diugram, Figure 2.
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ITEM

L1
L2
L3

M1
M2

Q1,2, 3,4
Q5,6,17,8,9, 10

Q11, 19

Q12, 13, 14, 15, 16, 17, 18,
21, 22, 23, 24, 26, 28, 31,
32, 33. 34, 35, 36

Q20

Q25, 27

Q29, 30

Q37

R1, 2,7, 8, 31, 32
R3, 6

R4, 5

R9, 10, 11, 12

R13, 14

R15, 16

R17

R18

R19, 20, 26, 29, 30, 42,
44, 49, 86, 817, 99

R21

R22, 81

R23

R24

R25

R27, 28, 52, 59, 64, 80, 98
R33

R34, 48

R35, 43, 47, 85

R36, 40, 46

R37, 65, 66, 88

R38

R39, 55

R41, 53

R45

R50, 63, 89

R51, 56, 617, 82, 83, 84
R53

DESCRIPTION

Reactor, 0.208 mH
Reactor, 3.9 H
Reactor, 40 mH

Voltmeter, 0-150 volts DC
Voltmeter, 0-3000 volts DC

Transistor,
Transistor,
Transistor,
Transistor,

Transistor,
Transictor,
Transistor,
Transistor,

Resistor,
Resistor,
Resistor,
Resistor,
Resistor,
Resistor,
Resistor,
Resistor,
Resistor,

Resistor,
Resistor,
Resistor,
Resistor,
Resistor.
Resistor,
Resistor,
Rcsistor,
Resistor,
Resistor,
Resistor,
Resistor,
Resistor,
Resistor,
Resistor,
Resistor,
Resistor,
Resistor,

Power, STC 2118
2N2819

2N1016C

2N2102

Unijunction, MM/2N4S1R
2N2905
2N2034
2N1016D

100 ohmrs, 1I'W, CC
270 ohms, 2W, CC
200 ohms, 2W, CC
27 ohms, 1W, CC
1200 ohms, 5W, WW
680 ohms, 1/2W, CC
3K ohms, 10W, WW
5 ohms, 2W, WW
10K ohms, 1/2W, CC

4.7K ohms, 1/2W, CC
75 chms, 2W, WW

3.9K ohms, 1/2W, CC
82 ohms, 1W, CC

390 ohms, 1,2W, CC

2K ohms, 1/2W, CC
33K ohnis, 1/2W, CC
51K ohms, 1/2W, CC
20K ohimms, 1/2W, CC
2K ohms, 2W, WW

470 ohms, i,2W, CC

47 ohms, 1/2W, CC
Variable, 100K ohms, 3W
270 ohms, 1/2W, CC
Variable, 20K ohms, sW
150 ohms, 1,/2W, CC

1K ohms, 1/2W, CC

50 ohms, 5W, WW
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ITEM
R57

R58

R60

R61

R62

R68, 69, 70. 71. 72, 73,
74, 75

R75

R77, 18, 79

R90, 91, 92, 93, 94, 95,
96,

SW1, SW2

T1 ,
T2, 3, 4, 5
T6, 7, 8
T9

T10

T11

T12

Z5
A

Al

78, 9, 10, 12, 17
Z11

713

Z18, 19

DESCRIPTION

Resisior, Veriable, 100K ohms, 2W, WW

Resistor, 68K ohms. 1/2W, CC

Resistor, Variable, 2K ohms, 1.5W, WW
Resistor, Variable, 500 ohms, 2W, WW

Resistor, 1K ohms, 2W, WW
Resistor, 15 ohms, 2W, CC

Resistor, 20C ohms, 5W, WW
Resistor, 180K chms, 15W, WW
Resistor, 51C ohms, 1W, CC

Switch, Toggle, SFDT

Transformer, Power,
Transformer, Base Drive
Transformer, Pulse Turn-off
Transformer, Oscillator
Transformer, Slave Osciliator
Trainsformer, Drive Oscillator
Transftormer, Chopper Drive

Diode, Zener, 10W 20-22V
Diode, Zener, 400MW 10V
Diode, Zener, 10W §.2V
Diode, Zener, 400MW 8.2V
Dinde, Zener, 400MW 12V
Divde, Zener, 1W 15V
Diode, Zener, 10W 12V
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